Abstract-Impulsive noise is one of the major challenges in power line communications and can cause serious problems in OFDM-based PLC systems. In this paper, we propose a combined Time-domain/Frequency-domain technique for impulsive noise reduction in OFDM-based PLC systems. The performance of the proposed technique is studied against well known time-domain nonlinearities by means of computer simulations. The obtained simulation results show that the Combined TD/FD technique performs better than practically used nonlinearities and can reduce the adverse effect of impulsive noise significantly.
I. INTRODUCTION
During the last decade, a great deal of attention has been directed towards the use of electric power lines for multimedia communications. Power Line Communications (PLC) offers the advantage of using the existing and widespread power distribution infrastructure to provide home networking as well as broadband services. However, due to hostile channel characteristics, communication over power lines faces serious challenges including noise, attenuation and multipath propagation [1] .
Noise in power lines forms a significant dilemma for data transmission. This is because it can not be described by Additive white Gaussian Noise (AWGN) as the case in many other communication channels [2] . Noise in power line environment can be classified into five types [3] . These are coloured background noise, narrow-band noise, periodic impulsive noise asynchronous to the mains frequency, impulsive noise synchronous to the mains frequency and asynchronous impulsive noise. The first three types of noise usually remain stationary over long periods of time (seconds, minutes or hours) and can be summarised as background noise. The last two types are time-variant and can be summarised as impulsive noise. Impulsive noise is mainly caused by power supplies (synchronous to mains frequency) or by switching transients in the network (Asynchronous to the mains power). It has a random occurrence and its duration varies from few microseconds to milliseconds. Practical experiments in power lines [3] show that the PSD of impulsive noise exceeds the PSD of background noise by minimum of 10-15 dB and may sometimes reach 50 dB.
The harsh channel environment of power lines requires a transmission scheme that can effectively cope with hostile channel conditions. Due to its robustness to multipath, selective fading and different kinds of interference, Orthogonal Frequency Division Multiplexing (OFDM) is a major candidate for PLC systems. OFDM is a mature multicarrier transmission technique and have been adopted in several wideband digital communication systems. Examples of its applications include Digital Audio Broadcasting (DAB), Terrestrial digital TV (DVB-T), wireless LANs and Wi-Max. OFDM performs better than single carrier in the presence of impulsive noise [1] . This is due to the fact that OFDM spreads the effect of impulsive noise over multiple symbols due to Discrete Fourier Transform (DFT) algorithm. Moreover, the addition of Cyclic Prefix (CP) in OFDM symbols can mitigate the effect of multipath.
Despite the superiority of OFDM in the presence of impulsive noise, it is necessary to employ mitigation techniques in order to further reduce its effect in data transmission. A simple technique of impulsive noise mitigation is to precede OFDM receiver with a memoryless nonlinearity. This method has been addressed for conventional OFDM receivers in wireless applications [7] . However, power line channels exhibit different channel characteristics to other communication channels. In this paper, we adopt a practically proven PLC channel model [3] , [4] to compare the performance of three memoryless nonlinearity methods (Clipping, Blanking and Clipping/Blanking) for mitigation of impulsive noise in OFDM systems over PLC channel. We also propose a combined time-domain/frequencydomain technique for impulsive noise reduction in OFDMbased PLC systems.
II. SYSTEM MODEL

A. OFDM System
Orthogonal frequency Division Multiplexing (OFDM) is a very well known multi-carrier transmission technique that can cope well with PLC channel conditions. In OFDM systems a high-speed serial data stream is split into a number of parallel slow data streams that are carried in multiple orthogonal subcarriers by means of Inverse Discrete Fourier Transform (IDFT). The discrete time OFDM signal can be expressed as:
Where N is the number of sub-carriers, S k is a sequence of QAM synbols. In order to combat iner-channel interference (ICI) and inter-symbol interference (ISI), OFDM uses a cyclic prefix (CP) that is appended at the start of OFDM symbols.
B. Channel Model
Originally, the power line network was not specifically designed for data transmission and provides a harsh environment for it [2] . It differs significantly in topology, structure, and physical properties from conventional communication channels such as twisted pair, coaxial, or fiber-optic cables [4] . The most influencing properties of power lines in the performance of high speed communications are signal distortion due to frequency-dependant cable loses, multi-path propagation and noise [3] . These factors and others have to be taken into account in order for a successful communication over power lines. As a result, the need for a realistic and practical model for the power line channel transfer characteristics is inevitable. Zimmermann [4] has proposed such a practical channel model that is suitable for describing the transmission behaviour of power line channels. His model is based on practical measurements of actual power line networks. This power line channel model is expressed by the channel transfer function:
Where N p is the number of multipaths, c i and d i are the weighting factor and length of the ith path respectively. Frequency-dependant attenuation is modelled by the parameters a 0 , a 1 and k. In the model, the first exponential presents attenuation in the PLC channel, whereas the second exponential, with the propagation speed vp, describes the echo scenario. The attenuation parameters for 15-path model were obtained using physical measurements [4] . In this paper we use this widely proven model to simulate our proposed algorithm and compare its performance against nonlinearity methods in mitigating the impulsive noise encountered in practical PLC systems.
C. Impulsive Noise
In contrast to most other communication channels, the noise in power line channels can not be described as Additive White Gaussian Noise (AWGN). In PLC environments, data transmission may encounter different types of noise. These are coloured background noise, narrow-band noise, periodic impulsive noise asynchronous to the mains frequency, impulsive noise synchronous to the mains frequency and asynchronous impulsive noise. These five types of noise can be summarised into two major types: background noise and impulsive noise.
To analyse their effect in OFDM-based PLC systems, the background noise (w k ) is modelled as AWGN with mean zero and variance σ 2 w , and the impulsive noise (i k ) is given by:
Where b k is the Poisson Process which is the arrival of impulsive noise, and g k is white Gaussian process with mean zero and variance σ 2 i . This means that the arrival of impulsive noise follows a Poisson distribution with a rate λ units per second, so that the probability of event of k arrivals in t seconds is:
The amplitude of impulsive noise, on the other hand, follows Gaussian distribution. Let s k be the transmitted OFDM signal as in (1) . The received signal after down-conversion, analogto-digital conversion assuming perfect synchronization can be represented as:
where h is the PLC channel impulse response which is the Inverse Fourier Transform of the transfer function defined in (2) . The symbol * denotes convolution. Figure 1 shows the total noise resulting from AWGN and impulsive noise
III. PROPOSED TECHNIQUE FOR IMPULSIVE NOISE MITIGATION
In OFDM systems, the long symbol period gives the signal more robustness to impulsive noise, since the impulse noise energy is spread over the subcarriers. Nevertheless, if mitigation techniques are not employed, impulsive noise can still have a significant effect in the performance of OFDM systems, especially in a medium like power lines. Different techniques for impulsive noise mitigation have been discussed in the literature [3] [5] [6] . Due to their simplicity, nonlinearity techniques are often used in practical applications for impulsive noise mitigation. An overview of three simple nonlinearity techniques including clipping, blanking and clipping/blanking is given in the following subsection. A frequency-domain technique for impulsive noise suppression that was proposed by Zhidkov [6] is also explained briefly. Our proposed technique for impulsive noise mitigation in OFDM systems combines time-domain techniques with the above mentioned frequencydomain mitigation technique. Simulation results show that the proposed techniques performs better than the previous techniques in terms of BER reduction.
A. Time domain Methods
Practical applications often use the following nonlinearity techniques for impulsive noise suppression [7] . These techniques change only the amplitude of the signal according to a specific threshold without changing the phase. They are employed at the time domain signal before the demodulation process using Fast Fourier Transform (FFT). 
where T c is the Clipping Threshold.
2) Blanking
Where T b is the blanking threshold. 3) Clipping / Blanking 
B. Frequency-domain suppression method
A suppression technique of impulsive noise in OFDM receivers was proposed in [6] . The technique is based on a frequency-domain approach where impulsive noise is compensated for after OFDM demodulation using (FFT). In this section we provide a brief overview about this technique. More details are available in [6] . In the receiver side of OFDM system, the signal in (5) can be expressed, after channel equalization and DFT demodulation, as:
Where H is the channel transfer function, W and U are the DFT of the AWGN and impulsive noise respectively. The main idea of the algorith is to get an estimation of the impulsive noise term I kĤ −1 k and subtract it from the equalizer output. To do this, a preliminary estimate of the transmitted beseband symbol has to be obtained. this is done through demapping the data subcarriers to nearest constellation points, setting silent subcarriers to zero and replacing the pilot subcarriers by their known values. By rearranging (9), estimation of the total noise term D k = W k +I k can be found by the following expression:
The total noise term D k is then transformed into the time domain by means of IDFT and a peak detector is used to obtain the estimated impulsive noise signalî k in the time domain.
In a final step, the DFT ofî k is computed and divided by the channel transfer function. The signal after impulsive noise reduction can be attained according to the following:
IV. COMBINED TIME-DOMAIN FREQUENCY-DOMAIN FOR
IMPULSIVE NOISE REDUCTION
For high data rate communications over PLC mediums, more reduction of impulsive noise is necessary. In this paper, we propose a joint time-domain/frequency-domain technique for impulsive noise reduction in OFDM-based PLC systems. Figure 1 shows how this technique is implemented in OFDM systems. The impulsive noise in received OFDM symbols r k is first reduced using a time domain preprocessor. The preprocessor is made of a Clipping/Blanking nonlinearity circuit. This combined nonlinearity technique is known to perform better than clipping and blanking nonlinearities [7] . Our simulation results in the following section of this paper confirm this result. In order to further improve the impulsive noise mitigation, a frequency-domain suppression technique is applied to the OFDM signal after channel equalization and demodulation by means of DFT. Our simulation results show a significant improvement in Bit Error Rate as compared to conventional OFDM systems and also OFDM-systems with nonlinearity-based impulsive noise reduction.
V. EXPERIMENTAL RESULTS AND DISCUSSION
Matlab software was utilized to study the performance of the proposed combined Time-Domain/Frequency-Domain impulsive noise mitigation technique. A random signal is mapped into QPSK symbols and modulated using OFDM with 128 subcarriers and passed through a PLC multipath channel with 15 paths. The arrival of impulsive noise is assumed to follow a Poisson distribution and is added to the signal as well as AWGN. Fig. (2) shows impulsive noise samples as well as the background AWGN.
Different impulsive noise reduction techniques are then employed in the OFDM receiver and their performance is compared. SNR in all figures is defined according to the following calculations:
Let p n be the total noise power resulting from AWGN and impulsive noise, and p x is the average PSK or QAM symbol power. The signal-to-noise (SNR) ratio can be defined as: 
where σ 2 i is the mean impulse power and is modelled by Gaussian process as indicated in (3) . A ratio r between impulsive noise power and background noise power (AWGN) is defined as r = p i /σ 2 w . In our simulations we use λ = 5 and r = 1.5. It can clearly be noticed that blanking nonlinearity performs better than clipping. It can also be observed from the figure that the best nonlinearity solution to impulsive noise is the combined clipping/blanking.
The superior performance of the proposed combined Timedomain/Frequency-domain impulsive noise suppression technique can be observed from fig.(4) . It is obviously seen that the proposed technique outperforms the clipping/blanking technique by more than 5 dB at high SNR. The proposed technique achieves BER performance close to that of that of signal with only AWGN, which means that the effect of impulsive noise is almost eliminated. Impulsive noise is one of the major challenges in power line communications and can cause serious problems in OFDM-based PLC systems. In this paper, we proposed a combined Time-domain/Frequency-domain technique for impulsive noise reduction in OFDM-based PLC systems. The performance of the proposed technique is studied against well known time-domain nonlinearities by means of computer simulations. The obtained simulation results show that the Combined TD/FD technique performs better than practically used nonlinearities and can reduce the adverse effect of impulsive noise significantly.
